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Abstract

A ncw CMOS-based image sensor that is intrinsically
compaii!lc  with on-chip CMOS “circuitry is rcpmkd, The
ncw CMOS aclivc pixel image sensor achicvcs  low noise,
hi@l sensitivity, X-Y addrcssability,  and has simple timing
rcquircmcnts.  7hc irrragc sensor was fabricated using a 2 pm
p-well CMOS process, and consisls  of a 128 x 128 array of
40 pm x 40 pm pixels. The CMOS image sensor technology
enables highly integrated smart image sensors, and makes
(1IC design, incorporation and fabrication of such sensors
widely accessible to (1IC integrated circuit community.

1. Introduction

In most smart image sensors, it is highly desirable to
integrate on-chip circuitry to both control the image sensor
and perform signal  and image processing on the output
image. Charge-cmplcd dcviccs  (CCDS) which arc typically
ctnploycd  for image acquisition arc not easily integrable with
CMOS circuitry duc to additional fabrication complexity
leading to high cost, and the high capacitances seen by on-
chip driving circuitry. Limited on-chip signal and image
processing has been pcrfomwd with CCDS using charge
domain circuits [1-6]. Although CCD imagcrs  achieve high
fill-factors, high quantum ctllcicncy,  low noise and large
formats, it is diffkdt  to implement random accms  and fast
readout rates. A CCD is mad out by sequentially transferring
the signal charge through the semiconductor, and the
readout rate is limited by the” need for nearly perfect charge
transfer to maintain signal fidelity. Photodiodc  arrays arc
a rncnablc  to intcgrat  ion with CMOS technology and offer
X-Y addrcssability,  but suffer from large noise lCVCIS, poor
response uniformity and image lag [7]. Oihcr sensor
technologies that arc CMOS-compatible include the charge
modulation dcvicc (CMD)  [8] and the bulk charge
modulation dcvicc (BCMD) [9]. Both these technologies
require spccialimxl  fabrication proccsscs  that arc not
available to most  circuit designers.
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An active-pixel-sensor (APS) is defined as a detector al-ray
technology with one or more active transistors within the
pixel unit cell [10]. The signal is read out through a metal
wire which eliminates the signal degradation duc to chalgc-
transfcr incflicicncy suffered by CCD imagcrs.  ‘Ilis  allows
fast, sclcctivc  readout of windows of intcrc.st.

‘IIIc ncw CMO&bascd  iruagc  sensor that is rcpork.d  in this
paper is intrhsically  cmupatiblc  with on-chip CMOS
circuitry. The CMOS image sensor technology cnatks
highly intcgratul  smart image  scn.sors  for machine vision,
robotics, guidance and navigation, automotive applications,
and some consumer products such as coruputcr input
devices, video phones, and home surveillance. Since the
process is CMOS, the dwign, incorporation and fabrication
of such sensors bccomcs  widely accc.ssiblc  to the integrated
circuit cmnmunity.

2. Design  and Operation

The CMOS active pixel sensor is shown schematically in
Fig. 1. The dcviccs  within the dotted outline arc ccmtaincd in
the pixel unit cell.  The pixel unit cell consists of a photo-gate
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PG, a d.c. biased transfer gate TX and an output diffusiol)
FD. It also contains a reset  transistor ~ a source-follower
input transistor and a row-sc]cction  transistor X. In cssencc,
a small surface-channc]  CCD has been fabricated in each
pixel. At the bottom of’ each column of pixels, there is a load
transistor VI.N and two output branches to store the reset
and signal ICVCIS. Each branch consists of a sample and hold
capacitor (CS or CR) with a sampling switch (SHS or SHR)
and a second source-follower with a column-selection switch
(YI or Y2), The readout circuits arc common to an’ entire
column of pixels, except the load transistors of the second SC(
of source followers VLP1 and VLP2, which arc common to
Ihc cnlirc array,

lhc operation of the CMOS active-pixel sensor is ilhrstratcd
in Fig. 2. It is assumed that the rail voltages are 5V and OV,
although higher and Iowcr  voltage operation is possible and
has been demonstrated. ‘T’hc transfer gate TX and the source
follower load transistors VLN, VLP1 and VLP2 arc biased at
2,5V. During the signal  integration period (Fig. 2a), photo-
gcncratcd  electrons arc collcctcd under the photo-gate biased
high at 5V. The reset transistor R is biased at 2,5V to act as
a Iatcral anti-blooming drain, and the row-selection
transistor X is biased off (OV). Following signal in[cgration,
an entire row of pixels arc read out simrltancously,  First, the
row of pixck to bc read out arc addressed by enabling row
sckction switch X. The pixel output node FD is reset by
briefly pulsing the reset gate R to 5V, to reset the floating
diffusion output node FD to approximately 3,5V @ig, 2b).
The outp,rrt of the first source follower is sampled onto
capacitor CR at the bottom of the column by cnablirrg  sample
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Fig.  2. Opclalion  oflhc  active-pixel-sensor: (a) sipj}al ir]tegra(ion;
(b) rcsel; (c) si.g]ial charge transfer;(d)  signal  readout
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fig,. 3. Photograph ofcomple!cd  inlcgrakd circui(.

and hold switch S111<. Then, J’G is pulsed low to OV,
transferring the signal charge to FD rig. 2c). The ncw
output voltage is sarnplcd onto capacitor CS by cnab]ing
sample and hold switch S11S (Fig. 2d). The stored reset and
signal levels arc sequentially scanned out through the second
set of source followers by enabling column address switches
Y1 and Y2. Storing the reset and signal Icvcls on separate
capacitors permits correlated double sampling (CDS) which
suppresses kTC noise from the pixel and I/f noise and
threshold variations from the output transistor [11 ]. The
main source of’ noise in this systcm  is the kTC noise
introduced by the sarnp]c  and hold capacitors, The calculated
r.m, s. noise on each 1 pF capacitor is 64 pV, resulting in

.91 pV for difTcrcntial  mode.

‘1’lic pixel unit ccl] and read out circuits were designed to
achicvc  30 Hz operation of a 128 x 128 array. The fabricated
inlagc sensor consists of a 128 x 128 array of active pixels,
row and column address dccodcrs, clock generator circuits
and a bank of sample and hold capacitors ancl read out
circuits. A double-poly, double-metal p-well CMOS process
with 2 pm design rules was used through MOSIS, rcsul~ing
in a 40 pm x 40 pm pixel size. TIN fill-factor calculated as
(}IC  ratio of the active area in the design to the total pixel
area is 26°/0. The 7-bit row and column address dccodcrs
were formed using standard CMOS logic pcrmilling  di~cc(



X-Y addrcssinz  of the inu~c scn.sor.  The address dcmdcrs
and the clock tcncrator circuits were laid out to fit within the
40 ~ml pixel pitch. ‘Me complctcd  IC fits a standard MOSIS
6.8 nim x 6.8 mm dic and was packaged in a 40 pin IJII’. A
photo~raph of the cmnplckd  IC is shown in Fig. 3.

3. Expcrirncutal Results

llIc rrctivc  pixel image sensor was opcrakd wi[h (IIC timing
and voltages dcscribcd  above. Both dark and illuminakxt
testing Of lhc sensor was performed. By performing electrical
tests on a test strrrcturc  on a ~ratc IC, the pixel sensitivity
was dctcrn~incd to bc 4,0 pV/c-.  ‘I%c sensor was nominally
cbckcd  a( 2 pipixcl,  Corrcspondins  to a frame rate of
approximately 30 ITz.. Although the WCII capacity was
calculated to bc approximately 6 x 106 c-, sahrration was
dckwnirrcd by the output  amplifier, and was observed to bc
600 n~V or 150,000 c-. Global fixed pattcm  noise (WN)
olxcrvcd in the diflcrcntial  output  signal  was approxirna(ely
20 n]V p-p (3.3°/0 sat,), with a local variation of
approxirna{cly  8 niV p-p. ‘l%c global variation is altribukd to
poor control of the p-well pokmtial  towards the ccntcr  of the
array sirrcc slower clocking rates rcducxxt the effect, and an
earlier  28 x 28 array showed a similar but much smaller
effect. Dark currcn( was rncasrrd” to h-c approxintatcly
62 c-/nmx/pixcl, or under 1 nA/cn)2.  Noise in the fabficatcd
array is fundarncntalty  lirnitcd  to 22 c- r.m,s. duc to the kTC
noise on the 1 plz sample and hold capacitors. Iiowcver,  tt Ic
measured noise Icvcl  at a 30 IIz frame rate at room
tcrnpcraturc  is presently Iimikd by dark current  shot noise (o
approximately 42 c- r.m. s., for a dynamic range of 71 dB. No

lag or smear was obscwxt and blooming was suppressed
through Ihc biasing of the reset transistor R. A laser spot
scan of a single pixel was pcrforrncd  w’hh a 632 nru Hc-Nc
Iascr  wtitlI a txmnl diarnticr  of approximately 1.5 pm. l’hc
rcsponsivi(y  map of the pixel scarrncd with a S@ sk of
2 ILnl is prcscntcd in Iiig. 4. ~’hc layout  of !hc pixel is shown
in Fig. 5 for comparison. The response is uniform across the
polyl photo-sate area with no overlap of poly2  or rnclal, and
drops off rapidly at the cxlry.s. A Iowcr response is noticeable
in areas overlapped by poly?. Pcrforrnancc  of the sensor is
sutnrnarizcd  in tal-rlc 1. lrrragcs acquired by the CMOS active
pixel scn.sor  were displayed on a video monitor. A
photograph of a US onc dollar bill taken from the video
monitor is shown in Fig 6.

4. Conchrsions

A new CMOS-based inragc sensor that  is WCII suited for
highly intc,gratcd imaging syslcnrs  has been prcscn[cd.
Si.gniticant  irnprovcmcnt  in CMOS active-pixel-scrrscm is
anticipated in tlic  near future. Rcducin~  fixed-pattern noise
through the usc of an n-well procms and irr]provcmcn(s  in
the column C[X3 circuitry arc currcntty bchr.g inwstigatcd. A
pixel design with a floating gate output structure enabling
multiple read opcrat ions is also being considcrcd,  Reduction
in pixel siz through the usc of 0.8 pm CMOS technology
should rcducc.  dark current. The usc of rnicrolcnscs  will
irnprovc the cfkctivc  fill-factor to over ‘)OO /O. This initial
work paves the way for the dcvcloprncnt  of more cmnplcx
pixel structures and the intc,gration  of on-chip c]cctronics  in
the future.
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‘fable 1. CMOS Adiv$ Pixd Inwy Seirsa

ii~.  6: Photograph of US S1 bill taken fionr viti enonilor.
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